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INTRODUCTION 


Nearly  all  (95%)  of  NF1  patients  develop  neurofibromas,  benign  Schwann  cell  tumors  (Huson,  1994). 

The  lifetime  risk  of  NF1  patients  for  developing  malignant  peripheral  nerve  sheath  tumors  (MPNSTs), 
mainly  from  within  plexiform  neurofibromas,  is  8-13%  (Husan,  1994;  Gutmann  et  al.,  1997;  Woodruff, 
1999;  Korf,  1999;  Creange  et  al.,  1999).  Development  of  novel,  non-surgical  treatments  to  either  prevent 
tumor  formation  or  inhibit  neurofibroma  growth  is  a  high  priority.  EGFR  plays  a  very  important  role  in 
tumor  formation  and  prognosis  (Salomon  et  al.,  1995).  The  intensive  study  of  EGFR  signaling 
mechanisms  has  already  yielded  therapeutic  agents  in  the  treatment  of  cancer  including  antisense 
oligonucleotides  (Mendelsohn  and  Baselga.,  2000;  Ciardiello  and  Tortora,  2001;  Hirao  et  al.,  1999;  Ma  et 
al.,  1999)  and  small  molecule  inhibitors  of  enzymes  (Discafani  et  al.,  1999;  Moasser  et  al.,  2001;  Shawver 
et  al.,  2002;  Arteaga,  2003;  Nutt  et.  al.,  2004).  Another  therapeutic  strategy  is  the  use  of  monoclonal 
antibody  (mAb)  against  the  extracellular  domain  of  the  EGFR  (Yang  et  al.,  1999;  Baselga  et  al.,  2000). 
Among  these  is  the  mAb  cetuximab  (IMC-C225)  (ImClone  Systems,  Inc.,  New  York,  NY).  IMC-C225  is 
a  human-specific  EGFR  monoclonal  antibody  currently  in  Phases  II  and  III  clinical  testing  in  a  number  of 
EGFR  overexpressiing  cancers  (Baselga  et  al.,  2000;  Barbara  et  al.,  2002).  It  binds  to  the  EGF  receptor 
extracellular  domain  with  high  affinity,  blocks  ligand  binding  and  down-regulates  receptor  expression  on 
the  cell  surface  (Kawamoto  et  al.,  1983;  Fan  et  al.,  1993;  Karashima  et  al.,  2002;  Sclabas  et  al.,  2003). 
Normal  Schwann  cells  lack  EGFR  expression.  Expression  of  EGFR  in  some  S100+  neurofibroma  cells 
and  some  cells  in  human  MPNSTs  (DeClue  et  al.,  2000),  in  human  MPNSTs  cell  lines  and  cell  lines 
derived  from  compound  heterozygous  mice  bearing  loss  of  function  in  Nfl  and  p53  suggest  that  EGFR 
could  be  an  attractive  target  for  the  treatment  of  neurofibroma.  To  begin  to  test  this  idea  we  developed  a 
mouse  model  in  which  human  EGFR  is  expressed  in  peripheral  nerve  Schwann  cells.  In  this  contract  we 
proposed  to  characterize  this  model,  and  to  use  it  to  test  novel  targeted  therapeutic  approaches  including 
the  mAb  IMC-C225  and  an  anti-fibrotic,  pirfenidone. 
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BODY 

Task  1:  Analysis  of  EGFR-expressing  mouse. 

a.  Define  abnormalities  in  EGFR-overexpressing  mouse  nerves  (Year  1). 

b.  Evaluate  effects  of:  a  specific  EGFR  receptor  antagonist  and 

c.  an  anti-fibrotic  drug,  pirfenidone  (Year  3). 

Overall  progress:  Tasks  la  and  lb  are  complete;  data  is  published.  Task  lc  is  in  progress. 
hEGFR  expression,  dimerization,  and  activation  in  transgenic  mice 

To  test  the  role  of  EGFR  in  neurofibroma  formation,  we  developed  transgenic  mice  in  which  the 
2 ’3’ -cyclic  nucleotide  3’  -phosphodiesterase  (CNP)  promoter,  specific  for  Schwann  cells  in  peripheral 
nerve  (Chandross  et  al.,  1999;  Gravel  et  al.,  1998;  Tsukada  and  Kurihara  et  al.,  1992;  Weissbarth  et  al., 
1991),  drives  expression  of  human  EGFR.  We  raised  and  bred  four  founder  mice,  and  confirmed 
presence  of  the  hEGFR  transgene  in  two  lines,  designated  #10  and  #46.  Transgene  integration  effects  are 
unlikely  as  two  independent  lines  of  mice  demonstrated  pathology  described  below.  We  confirmed 
hEGFR  protein  expression  with  monoclonal  anti-human  EGFR  antibody  to  probe  Western  blots  after 
immunoprecipitation  with  a  polyclonal  anti-EGFR  antibody  (Fig.  la).  We  detected  robust  hEGFR 
expression  using  the  same  method  in  brain  and  spinal  cord,  where  CNP  drives  expression  in 
oligodendrocytes,  with  only  trace  expression  in  non-nervous  tissues  (Fig.  1  b  and  c).  We  also  detected 
hEGFR  in  sciatic  nerve  lysates  from  transgenic  but  not  wild  type  mice  (Fig.  Id,  left  side);  RPMC  cells 
served  as  a  positive  control.  hEGFR  expression  levels  were  measured  in  lysates  from  Schwann  cells 
purified  from  hEGFR  expressing  mouse  nerves  by  Western  blotting.  The  levels  were  less  than  those  in  3 
independent  p53;Nfl  cell  lines  (Li  et  al.,  2002)  (data  not  shown). 

Ligand  binding  to  the  EGFR  causes  receptor  autophosphorylation  which  leads  to  receptor  activation 
as  docking  sites  are  created  for  signaling  proteins  (Prenzel  et  al.,  2001).  To  test  if  expressed  hEGFR  in 
the  transgenic  mice  is  activated,  we  probed  western  blots  of  sciatic  nerve  lysates  precipitated  with  anti- 
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human  EGFR  antibodies  with  an  anti-phospho-EGFR  antibody  (Santa  Cruz  Biotech,  Santa  Cruz, 
California).  EGF  receptor  in  EGFR  stimulated  human  RPMC  cells  was  used  as  a  positive  control. 

Sciatic  nerve  lysates  from  CNP-hEGFR  mice  contained  phosphorylated  hEGFR,  (Fig.  Id,  right  side) 
while  lysates  from  wild  type  nerves  did  not  (not  shown).  Consistent  with  a  low  level  of  phosphorylated 
EGFR  we  found  no  detectable  changes  in  basal  Ras-GTP  or  AKT-phosphorylation  in  Schwann  cells  from 
the  mutant  nerves  as  compared  to  wild  type  cells  (data  not  shown). 

Figand  binding  to  EGFR  can  induce  homodimerization,  or  heterodimerization  with  ErbB2  or  ErbB4 
(Prenzel  et  al.,  2001;  Murali  et  al.,  1996).  Receptor  dimerization  is  necessary  for  receptor  activation. 
Schwann  cells  do  not  express  ErbB4.  We  tested  if  hEGFR/ErbB2  dimers  are  present  in  nerves  from 
transgenic  mice.  HEGFR  formed  no  detectable  heterodimers  with  ErbB2  in  nerve  lysates,  although  we 
easily  detected  dimers  in  lysates  from  RPMC  cells  (Fig.  le).  Thus,  hEGFR  likely  exists  as  homodimers 
in  CNP-hEGFR  nerve.  EGFR  depends  on  ligands  for  homodimerization  and  activation  (Prenzel  et  al., 
2001).  We  analyzed  expression  of  EGFR  ligands  in  wild  type  and  CNP-hEGFR  sciatic  nerves  by 
quantitative  real  time  PCR.  We  detected  betacellulin,  HB-EGF,  and  TGF-a  in  wild  type  and  CNP- 
hEGFR  nerves  at  approximately  equivalent  levels.  No  message  was  detected  for  EGF,  epiregulin,  or 
amphiregulin  (Table  1).  Schwann  cells  purified  and  expanded  in  culture  expressed  betacellulin  and 
amphiregulin,  confirming  that  peripheral  glia  make  EGFR  ligands  (Table  1).  The  data  are  consistent  with 
locally  available  ligands  activating  hEGFR  receptors. 

The  CNP  promoter  drives  expression  in  Schwann  cells  in  peripheral  nerve  and  oligodendrocytes  in 
the  central  nervous  system  (Gravel  et  al.,  1998).  We  stained  sections  of  mouse  nervous  system  for 
hEGFR  using  a  species  specific  anti-human  EGFR  antibody.  Oligodendrocytes  were  labeled  in  spinal 
cord  (not  shown).  We  detected  no  defects  in  brain  sections,  possibly  due  to  unavailability  of  EGFR 
ligands  in  the  brain.  In  saphenous  nerve  we  detected  labeling  of  myelinating  Schwann  cell  sheaths,  and 
inter-axon  endoneurium  staining  suggestive  of  non-myelinating  Schwann  cell  (NMSC);  perineurium  was 
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not  labeled  (Fig.  If).  We  found  no  staining  of  wild  type  nerve  (Fig.  I  h)  as  compared  to  the  much  larger 
hEGFR  saphenous  nerve  (Fig.  lg). 

Nerves  of  CNPase-EGFR  mice  are  enlarged. 

Neurofibromas  enlarge  nerves  in  NF1  patients.  Gross  inspection  of  intercostal  nerves,  sciatic  nerves, 
cauda  equina,  and  cutaneous  nerve  twigs  indicated  diffuse  hypertrophy  in  all  CNP -hEGFR  transgenic 
mice  (not  shown).  We  gathered  quantitative  data  on  nerve  size  in  saphenous  nerve.  Sapphenous  nerves 
are  easily  accessible  in  dissections  and  maintain  a  constant  diameter,  without  branches,  over  a  lengthy 
segment.  We  measured  nerve  cross-sectional  area  (Fig.  2d).  We  noted  a  significant  up  to  8-fold  increase 
in  area  of  transgenic  nerves  in  comparison  to  wild-type  nerves  (P  =  0.001).  Hypertrophy  was  also  noted 
in  trigemminal  nerves  of  transgenic  mice  (Fig.  2b). 

CNPase-EGFR;  Nfl+/~  mice  do  not  show  evidence  of  worsening  pathology 

Loss  of  function  of  Nfl  in  Schwann  cells  cooperates  with  Nfl+/~  in  other  cells  in  one  model  (Zhu  et  al., 
2002).  To  examine  if  Nfl+/~  worsened  the  CNP-hEGFR  nerve  phenotype,  we  bred  CNP -hEGFR  mice 
with  Nfl+/~  mice.  Dissection  along  the  neuroaxis  and  peripheral  nervous  system  of  double  heterozygous 
mice  revealed  similar  diffuse  nerve  enlargement  as  in  CNP-hEGFR  mice.  Saphenous  nerves  of  4  double- 
heterozygous  mice  were  significantly  larger  ( P  =  0.0075)  compared  to  wild-type  mice,  but  not 
significantly  different  (P  =  0.41)  from  nerves  of  mice  which  were  only  EGFR  positive  (Fig.  2a;  triangles). 
Increased  nuclei  in  CNPase-hEGFR  nerves. 

The  histological  basis  of  the  nerve  hypertrophy  in  CNP-hEGFR  mice  is  attributable  at  least  in  part 
to  hypercellularity.  We  counted  nuclei  in  hemotoxylin  stained  nerve  cross-sections  and  found  them 
increased  2  -  8-fold  in  hEGFR  nerves  (P  =  0.01,  Fig.  2c).  In  contrast,  there  was  no  significant  change  in 
number  of  myelinated  axons:  wild-type  saphenous  nerves  harbored  on  average  465  large  axons,  while 
transgenic  nerves  averaged  499  (n  =  3  each;  P  =  0.32).  Increased  numbers  of  endoneurial  cells  in  mutant 
nerves  could  result  from  increased  proliferation  and/or  decreased  cell  death.  We  analyzed  entry  into  S- 
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phase  of  endoneurial  cells  in  mutant  nerves  by  labeling  with  BrdU.  In  wild-type  adult  nerves,  we  detected 
the  expected  low  proliferation  rate  (0.4%)  in  6  hours  (Brown  and  Asbury,  1981).  While  the  absolute 
numbers  of  BrdU  positive  nuclei  were  higher  in  transgenic  nerves,  the  ratio  of  positive  nuclei  to  total 
nuclei  was  not  significantly  different  (P  =  0.96)  (Fig.  3e).  We  analyzed  cell  death  as  measured  by 
TUNEL  positive  nuclei.  We  found  0.4%  TUNEL  positive  nuclei  in  wild-type  nerves  (Grinspan  et  al., 
1996);  numbers  of  positive  nuclei  in  transgenic  mice  were  not  significantly  different  (P  =  0.16,  Fig.  3/). 
Thus  ongoing  increases  in  cell  proliferation  or  decreased  cell  death  are  not  present  in  adult  nerves, 
suggesting  cell  number  increases  at  earlier  times  (see  below).  Neurofibroma  cells  also  show  little 
proliferation  and  death  (Kourea  et  al.,  1999). 

Hyperplastic  endoneurial  cells  in  transgenic  nerves  might  be  Schwann  cells,  fibroblasts,  and/or 
perineurial  cells;  each  is  present  at  variable  levels  in  neurofibromas.  Wild  type  and  CNPase-hEGFR 
nerve  cells  associated  with  myelin  sheaths  showed  cytoplasmic  SI 00  positive  staining  as  expected  for 
myelinating  Schwann  cells  (Mata  et  al.,  1990;  Fig.  3 a  and  c )  and  p75NGFR  immunoreactivity 
characteristic  of  non-myelin-forming  Schwann  cells  (NMSCs)  (Fig.  3  b  and  d).  Greater  than  90%  of 
nuclei  unassociated  with  myelin  sheaths  were  surrounded  by  GFAP -positive  cytoplasm,  supporting  a 
NMSC  phenotype  (Jessen  et  al.,  1990;  not  shown).  Continuous  basal  lamina  characteristic  of  Schwann 
cells  was  present  on  >90%  of  cells  in  the  endoneurium  of  CNPase-hEGFR  saphenous  nerves  in  electron 
micrographs  (Fig.  3 g  and  h).  Most  endoneurial  cells  are  therefore  Schwann  cells;  others  may  be 
fibroblasts  or  perineurial  cells. 

Unmyelinated  fiber  bundles  and  non-myelinating  Schwann  cells  in  CNPase-EGFR  mice  exhibit 
marked  alterations  which  worsen  distally  and  with  time 

We  analyzed  electron  micrographs  to  define  nerve  pathology.  Normal  4  month-old  saphenous 
nerve  contains  large  axons  surrounded  by  single  myelin-forming  Schwann  cells  and  groups  of  smaller 
axons  ensheathed  together  by  individual  NMSCs  (Fig.  4b).  The  same  age  transgenic  saphenous  nerves 
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were  abnormal  (n= 5)  (Fig.  4 a,  c-e ).  NMSCs  displayed  long  aberrant  processes  which  wrapped  one  or 
two,  or  no,  small  axons.  .  Collagen  fibers  filled  the  nerve  matrix  between  large  myelinated  axons  and 
were  frequently,  errantly,  “wrapped”  by  Schwann  cell  processes  (Fig.  3h,  4e  inset).  Notably,  many 
Schwann  cells  in  neurofibromas  lack  contact  with  axons. 

The  increased  size  of  CNPase-hEGFR  nerve  results  from  an  increase  in  the  number  of  nerve 
Schwann  cells  (Fig.  2),  increased  collagen  and  increased  myelin  thickness.  We  measured  myelin  sheath 
thickness  (n=\ 00)  and  the  distance  between  myelin  sheaths  (n=\ 00)  in  electron  micrographs  from  3  wild 
type  and  3  CNPase-hEGFR  saphenous  nerves.  Both  parameters  were  increased  (P<.0001;  Wilcoxon  non- 
parametric  test). 

We  observed  a  proximal  to  distal  worsening  of  phenotype.  We  examined  sciatic  and  saphenous 
nerves  in  the  same  mice  at  4  months  of  age  (n= 2).  Sciatic  nerves  had  nearly  normal  appearing  small 
axonal  fiber  bundles  when  saphenous  nerves  had  NMSCs  with  aberrant  processes.  Saphenous  nerve 
pathology  also  worsened  with  time.  Our  cohort  studied  by  EM  included  2-month  old  (n= 2),  4-month 
(n= 5),  and  6-month  old  (n= 2)  transgenic  mice.  Nerves  progressively  accumulated  collagen,  dysfunctional 
Schwann  cells,  and  had  increasing  numbers  of  disrupted  small  axonal  fiber  bundles  (Fig.  4 f-h).  These 
patterns  of  pathology  suggest  a  dying-back  neuropathy  of  small  caliber  axons. 

CNP-EGFR  nerves  exhibit  increased  mast  cell  infiltration  and  fibrosis 

Neurofibromas  contain  more  mast  cells  than  normal  nerve  (Johnson  et  al.,  1989).  We  observed 
granule-laden  mast  cells  in  electron  micrographs  of  hEGFR  nerves  (Fig.  5a).  We  counted  mast  cells  in 
saphenous  nerve  cross-sections  (Fig.  5b).  Mast  cell  numbers  were  significantly  increased  in  transgenic 
nerves  (P  =  0.004)  (Fig.  5c).  Many  mast  cells  were  degranulating.  Mast  cell  chemoattractants  BDNF, 
MCP-1,  SCF,  and  TGF-pi,  were  each  up-regulated  in  mutant  nerves  as  determined  by  Q-RTPCR  (Fig 
5 d),  likely  accounting  for  the  additional  mast  cells.  Schwann  cell  hyperplasia  precedes  mast  cell 
accumulation;  in  4-week-old  mouse  hEGFR  sciatic  nerve  Schwann  cell  numbers  were  significantly 
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increased  (PO.OOOl)  (Fig.  5e),  but  mast  cell  numbers  were  not  (Fig.  5f).  Sciatic  nerves  were  studied  in 
developing  animals  as  saphenous  nerves  were  too  small  to  reliably  embed  at  this  age.  Mast  cell  products 
induce  fibrosis,  and  we  confirmed  enhanced  collagen  accumulation  by  trichrome  stain  in  adult 
sapphenous  nerve  (Fig,  5 g,h),  but  not  4-week-old  sciatic  nerves  (data  not  shown). 

hEGFR  mice  develop  rare  nerve  tumors 

We  aged  19  hEGFR  and  12  wild  type  littermates  until  moribund.  EGFR  mice  (42%)  and  50%  of 
wild  type  mice  remain  alive  at  23  months.  We  observed  nerve  thickening  in  1 1  EGFR  mice  evaluated  at 
autopsy,  but  found  no  consistent  cause  of  death.  We  observed  a  grossly  enlarged  spinal  nerve  root  in  one 
mouse  diagnosed  as  a  neurofibroma  (Fig  6a).  Another  mouse  developed  nerve-associated  spindle  cell 
tumor  with  muscle  differentiation  (Fig  6b).  Desmin  and  SI 00  staining  (Fig  6c, d)  were  positive 
confirming  a  diagnosis  of  triton  tumor.  We  used  an  anti-human  EGFR  antibody  to  probe  western  blots 
after  immunoprecipitation  of  brain  and  tumor  lysates  from  this  mouse  with  a  polyclonal  anti-EGFR 
antibody  (Fig.  6e).  hEGFR  was  enriched  in  the  tumor  demonstrating  transgene  association.  We  analyzed 
six  EG¥R/Nfl+/~  mice.  Nerve  thickening  was  consistent  but  no  nerve  tumors  were  detected  and  no 
consistent  cause  of  death  found.  These  data  suggest  that  EGFR  expression  can  lead  to  peripheral  nerve 
tumorigenesis,  benign  and  malignant,  but  that  frank  tumor  formation  in  this  model  is  rare,  even  when 
mice  are  hemizygous  for  Nfl  mutation. 


EXPERIMENTAL  PROCEDURES 
Generation  of  CNPase-hEGFR  transgenic  mice. 

We  subcloned  the  2’3’-cyclic  nucleotide  3’ -phosphodiesterase  (CNP)  promoter  (Chandross  et  al., 
1999)  into  a  Bluescript  (Stratagene,  La  Jolla,  CA)  backbone.  We  inserted  the  human  EGFR  cDNA  (Velu 
et  al.,  1987)  into  Sstll  and  Xhol  sites  in  the  newly  created  multiple  cloning  site  downstream  of  the 
promoter.  We  confirmed  sequence  integrity  by  DNA  sequencing  (UC  sequencing  core  facility).  We 
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excised  the  promoter,  EGFR  cDNA,  and  SV40  polyadenylation  signal  with  YspI  and  Mlul.and  injected  it 
into  C57BL/6  -  SJL  hybrid  mouse  oocytes. 

hEGFR  localization. 

We  prepared  tissue  extracts  using  lOul  buffer  (1%  triton  X100,  50  mM  Tris  pH  7.4,  150  mM  NaCl, 
lug/mL  aprotinin,  1  ug/mL  leupeptin,  1  ug/mL  pepstatin,  1  mM  PMSF)  /mg  tissue.  We  incubated  lysates 
with  at  4°C  overnight  with  goat  polyclonal  anti-EGFR  (Santa  Cruz  sc-03g;  Sandta  Cruz,  CA)  and  then 
with  protein  A/G  agarose  beads  (Santa  Cruz).  We  subjected  samples  to  SDS-PAGE  on  4-20%  gradient 
gels,  and  probed  blots  with  human  specific  mouse  monoclonal  anti-EGFR  (Zymed;  South  San  Francisco, 
CA)  or  with  anti-phosphorylated  EGFR  (Santa  Cruz).  We  developed  blots  using  an  enhanced 
chemiluminescence  kit  (Amersham/Pharmacia;  Piscataway,  NJ). 

We  studied  EGFR  dimer  formation  by  immunoprecipitation  using  a  human-specific  mouse  monoclonal 
anti-EGFR  (Upstate  Biotech  #05-101,  Lake  Placid,  NY).  We  ran  8%  SDS-PAGE  gels  and  probed  blots 
with  anti-ErbB2  (Oncogene  Research  c-neu;  Cambridge,  MA)  or  anti-hEGFR  (Zymed).  We  used  the 
RPM-MC  human  melanoma  cell  line  known  to  express  ErbB2  and  EGFR  as  a  positive  control. 

Schwann  cells  were  prepared  as  described  in  Kim  et  al.  (1995).  EGFR  expression  and  AKT 
phosphorylation  were  as  described  in  Li  et  al.  (2002).  p53;Nfl  cell  lines  tested  were  61D-20,  38-2-15- 
L53  and  32-8-38.  Ras  activation  assays  were  done  as  recommended  by  the  manufacturer  (Upstate 
Biologicals). 

Immunohistochemistry  and  histology. 

We  sacrificed  mice  by  perfusion  fixation  with  4%  paraformaldehyde  and  harvested  sciatic  and 
saphenous  nerves.  We  embedded  nerves  in  paraffin  and  cut  6pm  thick  cross-sections;  every  fifth  section 
was  mounted  to  avoid  double  counting.  We  analyzed  sciatic  nerve  sections  proximal  to  the  sciatic 
bifurcation.  We  stained  sections  with  hematoxylin  for  nuclear  counts,  toluidine  blue  for  mast  cells,  and 
Gamori’s  trichrome  for  collagen. 
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We  stained  paraffin  sections  using  a  human-specific  mouse  monoclonal  anti-EGFR  (Zymed). 
Sections  were  first  blocked  for  one  hour  using  the  Zymed  Histomouse  kit.  We  used  rabbit  polyclonal 
anti-cow  S100  (Dako,  Carpenteria,  CA)  and  anti  p75  (Chemicon,  Teincula,  CA).  For  fluorescence 
microscopy  we  used  Alexa-488  fluorescent  conjugated  anti-rabbit  secondary  and  counterstained  with 
bisbenzamide  (DAPI)  to  identify  nuclei. 

Schwann  cell  proliferation  and  apoptosis 

We  gave  mice  three  intraperitoneal  BrdU  injections  (0.05mg/gm)  at  2  hour  intervals.  We 
sacrificed  mice,  harvested  nerves,  and  cut  paraffin  sections.  We  detected  BrdU  uptake  with  biotinylated 
anti-BrdU  antibody  (Zymed)  followed  by  incubation  with  streptavidin-conjugated  rhodamine  (Jackson 
ImmunoResearch  Corp;  West  Grove,  PA).  To  quantify  cell  death,  we  used  the  TdT-FragEF  DNA 
Fragmentation  Detection  Kit  (Oncogene  Research  Products).  We  counted  nuclei  with  DAPI  co-staining. 
Examination  of  nerve  ultrastructure 

We  perfusion  fixed  anaesthetized  mice  with  3.2%  glutaraldehyde  with  3%  paraformaldehyde  in  0.1  M 
cacodylate  buffer  for  10  minutes,  followed  by  postfixation  in  situ  for  20  min.  We  harvested  sciatic  and 
saphenous  nerves,  rinsed  them  with  0.1M  phosphate  buffer,  post-fixed  with  2%  osmium  tetroxide  and 
0.6%  potassium  ferrocyanide,  and  embedded  them  in  Embed  plastic.  We  stained  semi-thin  sections 
(lpM)  with  toluidine  blue  to  count  of  myelinated  axons  by  light  microscopy.  We  viewed  thin  sections 
stained  with  uranyl  acetate  and  lead  citrate  on  a  Jeol  100CX  electron  microscope. 

Detection  of  EGFR  ligands  and  mast  cell  chemoattractants  by  quantitative  real  time  PCR 

We  extracted  messenger  RNA  was  from  wild-type  and  CNPase-hEGFR  mouse  sciatic  nerves,  or 
from  mouse  Schwann  cells  isolated  as  described  (Kim  et  al.,  1995),  using  the  Micro-FastTrack™  kit 
(Invitrogen;  Carlsbad,  CA).  We  reverse  transcribed  mRNA  using  the  Superscript  Preamplification 
System  (GibcoBRF;  Grand  Island,  NY)  with  Superscript  II  reverse  transcriptase,  oligo-dT  primers  and 
random  hexamers  per  manufacturer’s  protocol.  We  controlled  for  genomic  DNA  contamination  by 
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omitting  reverse  transcriptase.  We  amplified  GAPDH  as  a  control  (sense,  5’- 
ACCCAGAAGACTGTGGATGG-3  ’  and  antisense,  5  ’  -GGAGAC AACCT GGTCCT CAG-3  ’ ;  product 
size,  300  bp)  for  each  sample.  We  carried  out  quantitative  real-time  PCR  experiments  in  the  presence  of 
SYBR  green  using  the  primers:  amphiregulin  (AR;  sense,  5’-TGGCAGTGAACTCTCCACAG-3’  and 
antisense,  5’-CAATTGCATGTCACCACCTC-3’;  product  size,  300  bp),  betacellulin  (BTC;  sense,  5’- 
GGAACCTGAGGACTCATCCA-3’  and  antisense,  5’-TCTAGGGGTGGTACCTGTGC-3’;  product  size, 
227  bp),  epidermal  growth  factor  (EGF;  sense,  5’-GAGAGGTGCAGAAGGACCTG-3’  and  antisense,  5’- 
CACCAATTGCTGGTGATTTG-3’;  product  size,  271  bp),  epiregulin  (EPREG;  sense,  5’- 
TTCAGATGGAAGACGATCCC-3 ’  and  antisense,  5’-CGCAACGTATTCTTTGCTCA-3’;  product  size, 
206  bp)  heparin-binding  EGF  (HBEGF;  sense,  5 ’ - ATAGCTTT GCGCT GT GACCT-3 ’  and  antisense,  5’- 
CACACTCTTTGGTCCCACCT-3’;  product  size,  166bp),  and  transforming  growth  factor-P  (TGFP; 
sense,  5  ’  -T  GT  GT  G  AT  AA  AGCT  GCCT  GC-3  ’  and  antisense,  5  ’  -C  A  ACCCTTT  G  AGGTT  CGT  GT -3  ’ ; 
product  size,  100  bp).  To  determine  differential  expression  of  mast  cell  chemoattractants,  the  following 
primers  sets  were  used:  anaphylatoxin  C3a  (AnapC3a;  sense,  5’-GGCTTCTTGTGTTGGTTGGT  and 
antisense,  5’-AGCCAGGGCTACTGTCTTGA,  product  size,  13  lbp),  anaphylatoxin  C5a  (AnapC5a; 
sense,  5  ’-CTACCATTAGTCCCGACCGT  and  antisense,  5  ’-AGAGGCAACACAAAACCCAC,  product 
size,  265bp),  brain  derived  neurotrophic  factor  (BDNF;  sense,  5’-TGGCTGCACTTTTGAGCAC  and 
antisense,  5’-GCAGTCTTTTTATCTGCCGC,  product  size,  292bp),  eotaxin  (sense,  5’- 
CTCCACAGCGCTTCTATTCC  and  antisense,  5  ’  -TTT GGAGTTTTT GGTCC AGG,  product  size, 

272bp),  fractalkine  (sense,  5’-  ATTTATTGGATTCCCAGCCC  and  antisense,  5’- 
CGGAGAGCTCCAGAAAACAC,  product  size,  284bp),  interleukin-6  (IL-6;  sense,  5’- 
AGTT GCCTT CTT GGG ACT G A  and  antisense,  5  ’-TCCACGATTTCCCAGAGAAC,  product  size, 
159bp),  leukemia  inhibitory  factor  (LIF;  sense,  5’-CTGACTGCCTCCCACTTCTC  and  antisense,  5’- 
AGCCTTCCTCTCACTCCACA,  product  size,  170bp),  monocyte  chemoattractant  protein  1  (MCP-1; 
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sense,  5’-AGCACCAGCCAACTCTCACT  and  antisense,  5  ’  -CGTT  A  ACT  GC  AT  CT  GGCT  G  A,  product 
size,  136bp)  nerve  growth  factor  (NGF;  sense,  5’-GTGAAGATGCTGTGCCTCAA  and  antisense,  5’- 
TACGCTATGCACCTCACTGC,  product  size,  204bp),  neurotrophin-3  (Ntf3;  sense,  5’- 
GATCCAGGCGGATATCTTGA  and  antisense,  5  ’  - AGCGT CTCTGTT GCCGTAGT,  product  size, 
182bp),  platelet  activating  receptor  (PAR;  sense,  5’-AGCAGAGTTGGGCTACCAGA  and  antisense,  5’- 
TGCGCATGCTGTAAAACTTC,  product  size,  164bp),  rantes  (sense,  5’- 

GTGCCCACGTCAAGGAGTAT  and  antisense,  5’-  GGG  A  AGCGT  AT  AC  AGGGT  C  A,  product  size, 
186bp),  serum  amyloid  A  (SAA;  sense,  5’-CTAGAGTCGATCTGCCCAGC  and  antisense,  5’- 
TCATGTCAGTGTAGGCTCGC,  product  size,  164bp),  stem  cell  factor  (SCF;  sense,  5’- 
C AGT CTT C AGG AGT G AGCCC  and  antisense,  5’-  C A AAG AT GCT CCC AAACGCT,  product  size, 
254bp),  transforming  growth  factor  pi  (TGF-P;  sense,  5’-TGAGTGGCTGTCTTTTGACG  and  antisense, 
5’-  TCTCTGTGGAGCTGAAGCAA,  product  size,  293bp),  and  vascular  endothelial  growth  factor 
(VEGF;  sense,  5’-  AGCC  A  AC  AGGG  A  ATTT  GAT  G  and  antisense,  5’- 

CACAGCGGCATACTTCTTCA,  product  size,  239bp).  We  preformed  replicate  reactions  in  an  ABI 
Prism  7700  Sequence  Detection  System  Cycler  according  to  manufacturer’s  instructions.  We  confirmed 
all  PCR  products  on  2%  agarose  gels.  We  calculated  ACt  values  relative  to  GAPDH  expression.  We 
calculated  the  fold  changes  in  CNP-hEGFR  nerves  compared  to  wild  type  nerves  using  the  equation:  2"AA 
Ct,  where  Ct  is  the  cycle  number  at  the  chosen  amplification  threshold  as  determined  by  PE  Biosystems 
software,  ACt  =  Ct(iigand)  -  C^gapdh),  and  AACt  =  ACt(+/.)  -  ACt(+/+)  (K.  Luvak,  PE  ABI  Sequence  Detector 
User  Bulletin  2). 
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Fig*  1  Human  EGFR  protein  is 
expressed  in  CNPase-hEGFR 
transgenic  mice,  a,  Western 
immunoblot  of 

immunoprecipitates  from  brain 
lysates  demonstrating  protein 
expression  of  hEGFR  in  two 
transgenic  founder  lines. 

Positive  control:  RPMC  cell  line 
(human  melanoma)  known  to 
express  EGFR  and  ErbB2. 
Specific  tissue  expression  of 
hEGFR  demonstrated  in  line  #10 
( b )  and  line  #46  (c)  with 


expression  seen  predominantly  in  brain  and  spinal  cord  with  trace  expression  in  non-neural  tissues,  d, 
Sciatic  nerve  expression  of  hEGFR  confirmed  with  specimen  345-10,  and  demonstration  of  active 
phosphorylated  EGFR  seen  in  spinal  cord  lysate  of  specimen  442-10.  Positive  control:  RPMC  cells 
stimulated  with  EGF.  e.  Demonstration  of  lack  of  heterodimer  formation  between  hEGFR  and  ErbB2: 
lysates  were  immunoprecipitated  with  anti-hEGFR  and  blots  probed  for  ErbB2.  No  band  noted  in 
specimen  345-10  as  compared  to  positive  control  RPMC  cells  which  do  exhibit  heterodimer  formation.  /, 
Immunohistochemistry  of  saphenous  nerve  demonstrating  cell-specific  hEGFR  expression  with  positive 
Schwann  cell  sheath  staining  and  lack  of  axonal  staining.  Low  magnification  saphenous  nerve  staining 
for  hEGFR  in  transgenic  specimen  (g)  is  compared  to  lack  of  staining  in  wild-type  specimen  ( h ). 
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Fig.  2  CNPase-hEGFR  nerves  are  enlarged  and  hypercellular.  a, 
Cross-sectional  area  of  saphenous  nerves  plotted  with  respect  to 
age  and  distinguished  by  genotype.  Significant  enlargement  of 
CNPase-hEGFR  and  CNPase-hEGFR,  Nfl+I~  nerves  compared  to 
wild-type  (P=0.001  and  P=0.008  respectively)  is  seen,  b,  Dorsal 
view  of  skull  bases  with  brain  removed  demonstrating  enlargement 
of  trigeminal  nerves;  wild-type  is  shown  on  left,  CNPase-hEGFR 
on  right,  c,  Nuclei  counts  from  saphenous  nerve  cross-sections 
accomplished  by  hematoxylin  staining.  CNPase-hEGFR  nerves 
have  significantly  increased  nuclei  (P=0.01). 
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Fig.  3  Hypercellularity  is  attributable  to  Schwann  cells,  a-d,  Markers  for  Schwann  cells:  SI 00  staining 
of  saphenous  nerve  cross-sections  in  wild-type  (a)  and  CNPase-hEGFR  (c)  mice,  and  p75  staining  in 

wild-type  ( b )  and  CNPase-hEGFR  (d)  mice,  e,  Assessment  of 
BrdU  uptake  over  6  hours  and  /,  apoptosis  rates  by  TUNEL 
staining  in  saphenous  nerve  cross-sections  showing  no  significant 
difference  between  wild-type  and  CNPase-hEGFR  nerves,  g-h, 
Electron  micrographs:  presence  of  a  basal  lamina  (small  arrows) 
around  a  non-myelinating  Schwann  cell  and  its  ensheathed  axons 
(Ax)  in  wild-type  nerve  (g).  Basal  lamina  is  present  around 
Schwann  cell  membrane  processes  in  a  CNPase-hEGFR  nerve. 
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Fig.  4  Ultrastructural  studies  show  pathology  of  CNPase-hEGFR  nerves,  a.  Electron  micrograph  montage  of 
CNPase-hEGFR  saphenous  nerve,  b,  In  comparison,  wild-type  saphenous  nerve  at  the  same  magnification 


(4000X).  c,  A  normal  non-myelinating  Schwann  cell  nucleus  with  cell  membrane  wrapping  of  small  axons  in 
wild-type  nerve,  d,  A  markedly  dysmorphic  nucleus  in  CNPase-hEGFR  nerve  with  membrane  wrapping  of  a 
limited  number  of  axons,  and  e,  another  example  showing  Schwann  cell  processes  with  no  association  with  any 
axons  and  pathologic  wrapping  of  collagen  fibrils  (inset).  Pathology  is  seen  to  progress  with  time  in  CNPase- 
hEGFR  nerves  comparing  a  2.5  month-old  specimen  (f)  to  a  4  month-old  specimen  (g)  and  to  a  6  month-old 
specimen  (h).  (c-h  10,000X;  except  g  is  5333X). 
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Fig.  5  Mast  cells  and  fibrosis  in  CNPase-hEGFR  mouse  nerves,  a,  Mast  cell  seen  in  CNPase-hEGFR  saphenous 
nerve  on  electron  micrograph  magnified  8000X.  b,  Toluidine  blue  staining  of  CNPase-hEGFR  saphenous  nerve 
cross-section  showing  multiple  metachromatic  mast  cells  (arrows).  c,f,  Mast  cell  counts  in  saphenous  nerves,  c. 
Adult  nerve  comparing  wild-type  mice  (+/+)  to  CNPase-hEGFR  mice  (EG)  to  CNPase-hEGFR;Nfl+/'  mice 
(EG/NF).  CNPase-hEGFR  and  CNPase-hEGFR;Nfl+/’  nerves  harbor  significantly  more  mast  cells  (P=0.004  and 
P=0.015  respectively)  than  wild-type  nerves,  d,  Differential  expression  of  mast  cell  chemoattractants  mRNA  in 
adult  hEGFR  nerve  as  detected  by  real  time-PCR.  *  =  expressed  only  in  hEGFR  nerve,  e,  Total  nuclei  are 
increased  in  4-week-old  sciatic  hEGFR  nerves  (PO.OOOl). 
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Fig.  6  Tumors  of  CNPase-hEGFR  mouse  nerves,  a.  Enlarged  spinal  nerve  root,  diagnosed  as  a  neurofibroma, 
from  CNPase-hEGFR  mouse,  b,  Triton  tumor  from  CNPase-hEGFR  mouse  (H&E).  This  was  confirmed  with 

SI 00  (c)  and  desmin  (d) 
staining,  e.  Western 
immunoblot  of 
immunoprecipitates  of  brain 
and  triton  tumor  lysates 
from  this  mouse, 
demonstrating  enriched 
hEGFR  expression  in  the 
tumor.  No  expression  of 
hEGFR  is  seen  in  a  lipoma 
from  the  same  mouse,  a-d, 
Bar  =  lOOOuM. 
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Table  1  Presence  of  EGFR  ligand  mRNA  as  detected  by  Real  Time-PCR.  WT  =  wild-type,  MSC  = 

mouse  Schwann  cells,  AR  =  amphiregulin,  BTC  =  betacellulin,  EGF  =  epidermal  growth  factor,  EPREG 
=  epiregulin,  HBEGF  =  heparin-binding  epidermal  growth  factor,  TGF-a  =  transforming  growth  factor  a. 

Table  1.  mRNAs  encoding  EGFR  ligands  are  present  in  adult  peripheral  nerve  and  cultured 
Schwann  cells. 


A.  Ligands 


AR 

BTC 

EGF 

EPIREG 

HBEGF 

TGF-a 

WT 

Nerve 

~ 

+ 

~ 

~ 

+ 

+ 

EGFR 

nerve 

~ 

+ 

~ 

~ 

+ 

+ 

MSC 

- 

+ 

- 

- 

- 

+ 

B.  Quantification  of  Ligands  Present  in  Nerve 


BTC 

BTC  avg  Ct 

GAPDH 

avg  C, 

ACt 

AAC, 

Fold  Change 

W/T 

31.94  ±0.02 

25.46  ±  0.49 

6.48  ± 
0.49 

0.00  ± 
0.49 

7(0.71-1.41) 

EGFR 

27.90  ±  0.02 

27.76  ±0.15 

5.14  ± 
0.15 

-1.34  ± 
0.15 

2.53  (2.28- 
2.81) 

HBEGF 

HBEGF  avg 

ct 

GAPDH 

avg  Ct 

ACt 

AACt 

Fold  Change 

W/T 

31.42  ±0.05 

27.61  ±0.50 

3.81  ± 
0.50 

0.00  ± 
0.60 

7(0.71-1.41) 

EGFR 

33.20  ±0.23 

30.35  ±0.15 

2.85  ± 
0.27 

-0.96  ± 
0.27 

1.94  (1.61- 
2.35 

TGF-a 

TGF-a  avg 

ct 

GAPDH 

avg  Ct 

ACt 

AACt 

Fold  Change 

W/T 

29.00  ±0.19 

27.61  ±0.50 

1.39  ± 
0.53 

0.00  ± 
0.53 

7(0.69-1.44) 

EGFR 

31.00  ±0.23 

30.35  ±0.15 

0.65  ± 
0.27 

-0.74  ± 
0.27 

7.67(1.39- 

2.01) 

Task  lb:  Evaluate  effects  of  an  EGFR  receptor  antagonist,  OSI  EGFR 

Last  year  we  carried  out  3  experiments  using  Wyeth  EKI  series  drugs,  which  inhibit  EGFR  and  the  related 
ErbB2  tyrosine  kinase.  We  found  that  dosing  EGFR  mice  for  6  weeks,  at  2  -  3.5  months  of  age  was  not 
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sufficient  to  reverse  the  nerve  phenotypes — we  assayed  mast  cell  numbers,  Schwann  cell  numbers  and 
electron  microscopy  as  described  above.  We  then  tried  dosing  mice  at  younger  ages,  as  proposed  in  the 
grant.  Mice  were  not  able  to  survive  the  treatment — this  was  not  unexpected  as  EGFR  knockout  mice  die 
perinatally.  To  circumvent  this  difficulty  we  have  initiated  a  new  set  of  studies  in  which  we  treat  mice 
with  a  humanized  anti-human  EGFR  antibody  (Erbitux).  This  does  not  react  with  mouse  endogenous 
EGFR  but  inhibit  function  of  the  transgenic  human  EGFR. 
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Task  lb:  Evaluate  the  therapeutic  effect  of  EGFR  antagonist  (mAh  Cetuximab)  on  EGFR  mouse  model. 
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Fig.7.  Schematic  diagram  of  IMC-C225  injection  into  hEGFR  transgenic  mice. 

IMC-C225  was  injected  (i.p.)  twice  weekly  at  a  dose  of  lmg/25g,  the  injection  dose  and  volume  was 
adjusted  according  to  the  mouse  body  weight.  Control  group  was  injected  with  same  volume  of  PBS.  12- 
16  mice  were  in  each  group.  Mice  were  sacrificed  at  3  months  of  age.  *  shows  IMC-C225  has  effect  on 
reversing  the  phenotype. 

The  hEGFR  is  phosphorylated  in  the  CNPase-hEGFR  transgenic  nerve  (see  above).  In  order  to 
determine  whether  IMC-C225  was  capable  of  reaching  nerve  and  inhibiting  EGFR  function,  we  treated 
newborn  mice  with  IMC-C225  for  two  weeks,  then  assessed  EGFR  phosphorylation  on  sciatic  nerve 
sections  in  this  mouse  model  using  an  antibody  specific  for  phosphorylated  EGFR.  As  shown  in  Fig  8., 
hEGFR  phosphorylation  was  robust  surrounding  sciatic  nerve  nuclei  in  untreated  hEGFR  mice. 
Phosphorylation  decreased  significantly  after  2  week  exposure  to  IMC-C225.  Control  experiments 
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showed  that  treatment  had  no  effect  on  wild  type  mice  as  expected  because  IMC-225  does  not  inhibit 
rodent  EGFR  and  because  wild  type  mouse  Schwann  cells  do  not  express  EGFR  (data  not  shown). 

Fig.  8.  IMC-C225  inhibits  Schwann  cell  EGFiR  phosphorylation  in  EGFR(+)  mouse. 
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Mice  were  treated  with  IMC-C225  and 
immunfluorescence  was  performed  as  described  in 
Material  and  methods.  hEGFR  phosphorylation 
was  robust  surrounding  sciatic  nerve  nuclei  in 
untreated  hEGFR  mice  (left).  Phosphorylation 
decreased  significantly  after  2  week  exposure  to 
IMC-C225  (right). 

To  test  if  the  Schwann  cell  proliferation  that 
occurs  in  mutant  nerve  was  a  direct  consequence  of 
hEGFR  expression,  we  measured  proliferation  of 
nerve  Schwann  cells  by  BrdU  incorporation  after  exposure  to  IMC-C225.  We  have  previously  shown  that 
Schwann  cell  proliferation  in  this  model  is  maximal  in  the  2  weeks  after  birth.  Wild  type  or  transgenic 
mice  were  treated  with  IMC-C225  or  PBS  twice  a  week  over  the  first  2  postnatal  weeks.  BrdU  was  I.P. 
injected  at  2  weeks  of  age  before  i.c.  perfusion.  Sciatic  nerves  were  analyzed  for  cell  proliferation  and 
nuclei  counting.  As  shown  in  Fig  9,  the  number  of  BrdU-labeled  nuclei  in  the  sciatic  nerve  of  hEGFR 
mice  was  more  than  3  fold  higher  than  in  wild  type  mouse  littermates. 
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Fig  9A 
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Fig  9B 
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Fig.  9.  IMC-C225  inhibits  Schwann  cell  proliferation.  BrdU  incorporation  was  performed  as  described  in 
Material  and  methods.  (A)  Immunofluorescence  of  BrdU  incorporation.  The  number  of  BrdU-labeled 


nuclei  in  the  sciatic  nerve  of  EGFR(+)  mice  (middle)  was  more  than  3  fold  higher  than  in  wild  type  mice 


(top).  After  exposure  to  IMC-C225  for  2  weeks  immediately  after  birth,  BrdU  positive  cell  number  and 


sciatic  nerve  nuclei  number  also  increased  significantly  (p<0.01,  n=4,  Fig  9C).  After  IMC-C225 
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treatment,  BrdU-labeled  nuclei  nerve  in  transgenic  mice  decreased  to  wild  type  level  (p=0.30,  n=4,  Fig 
9B).  Nuclei  number  also  decreased  after  IMC-225  treatment,  so  that  there  was  no  longer  a  significant 
difference  comparing  to  the  wild  type  level  (p=0.34,  n=4).  Taking  into  account  the  inhibition  of  hEGFR 
auto  phosphorylation  by  IMC-C225,  we  conclude  that  IMC-C225  blocks  hEGFR-driven  Schwann  cell 
proliferation  in  this  mouse  model. 


Thermal  sensory  decrease  in  EGFR  mouse 

Small  caliber  axons  ensheathed  by  non-myelin  forming  Schwann  cells  convey  most  sensory 
information.  The  abnormalities  in  unmyelinated  fiber  bundles  and  non-myelinated  Schwann  cells  in 
CNPase-EGFR  transgenic  mouse  raised  the  possibility  that  the  sensation  was  decreased  or  lost  in  this 
mouse  model.  We  used  a  test  of  heat  sensitivity  to  assess  this  possibility.  Mice  were  placed  on  a  50°C 
plate  and  time  to  paw  lift  measured.  Significantly  decreased  heat  sensitivity  was  found  in  3  month  old 


transgenic  mice  as  compared  to  wild  type  littermates  (p=0.009,  n=7). 

□  WT 

Frt  ■EGFR(+) 


S3 


Fig.  10.  Thermal  sensory 
decrease  in  EGFR(+) 
mouse.  Mice  (hEGFR  ot 
wild  type)  were  treated  with 
IMC-C225  or  PBS  at 
different  time  and  were 
tested  for  heat  sensitivity  at 
3  month  old  of  age.  Paw 
withdrawal  latency  was 
significantly  decreased  in 


hEGFR  transgenic  mice  (black  bar)  comparing  to  wild  type  countparts  (white  bar)  (p=0.009,  n=7).  In 


27 


Ratner,  Nancy 
DAMD 17-02- 1-0679 


early  IMC-C225  treatment  groups,  either  treated  for  2  weeks  or  6  weeks,  there  were  no  thermal  sensory 
change  in  transgenic  mice  (p=  0.32,  n=6  for  2  weeks  group,  p=0.36,  n=5  for  0-6  weeks  group).  Heat 
sensitivity  loss  did  happen  in  later  drug  treatment  group  (p=0.01,  n=6).  In  groups  that  mice  were 
exposured  to  IMC-C225  from  one  to  three  weeks,  the  thermal  sensitivity  were  partially  changed.  Thus  hot 
plate  testing  can  be  used  as  a  measure  of  nerve  disruption  in  the  hEGFR  transgenic  mice. 

Based  on  these  results,  we  tested  the  thermal  sensitivity  in  IMC-C225  treated  transgenic  or  wild  type 
mice.  The  dosing  schedule  is  shown  in  figure  7.  Strikingly,  IMC-C225  treatment  of  mice  for  2  weeks  or 
6  weeks  beginning  at  birth,  restored  thermal  sensation  to  wild  type  levels  (p=  0.32,  n=6  for  2  weeks 
group,  p=0.36,  n=5  for  0-6  weeks  group)  (Fig.  10).  However,  treatment  beginning  at  6  weeks  of  age  was 
ineffective  in  reversing  the  hEGFR-driven  phenotype  (p=0.01,  n=6).  Interestingly,  if  mice  were  treated 
from  one  to  three  weeks,  the  thermal  sensitivity  was  partially  reversed.  The  data  implied  that  early 
treatment  of  IMC-C225  reverses  the  transgenic  mice  phenotype,  while  later  treatment  has  little  or  no 
effect. 

Late  drug  treatment  has  no  effect  on  reversing  hEGFR  nerve  histology  phenotype 

To  confirm  these  results  we  carried  out  detailed  histology  on  nerves  from  the  cohort  of  wild  type  and 
mutant  mice.  6  week  old  hEGFR  or  wild  type  mice  were  treated  with  IMC-C225  twice  a  week  for  2 
weeks.  Saphenous  nerve  sections  from  mice  3  months  of  age  were  chosen  for  analysis  of  nerve  area,  re 
highly  disrupted  in  this  model  (Ling  et  al.,  2005). 


As  shown  in  Fig  11,  there  remained  significant  differences  between  transgenic  mice  and  wild  type  mice  in 
nerve  area  (p<0.001,  n=6),  nerve  nuclei  number  (p<0.001,  n=6)  and  mast  cell  number  (p<0.001,  n=6)  (Fig 
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1 1  A-C).  This  showed  that  brief  late  treatment  caused  no  effects  on  reversing  the  nerve  function  and 
hEGFR  mouse  phenotype. 

Fig  11 A  11C 
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Fig.  11.  Later  drug  treatment  has  no  effect  on  revering  phenotype.  Saphenous  nerve  of  3  month  old  mice 


treated  with  or  without  IMC-C225  were  tested  for  nerve  area,  nuclei  counts  and  mast  cell  number.  (A) 


Nerve  area,  there  was  a  significant  difference  between  transgenic  mice  (black  bar)  and  wild  type  mice 
(white  bar)  in  nerve  area  (p<0.001,  n=6).  (B)  Nuclei  counting:  significant  difference  between  transgenic 
mice  (black  bar)  and  wild  type  mice  (white  bar)  was  found  in  nuclei  counts  (p<0.001,  n=6).  (C)  Mast  cell 
number.  There  was  a  significant  difference  between  transgenic  mice  (black  bar)  and  wild  type  mice 
(white  bar)  in  mast  cell  number  (p<0.001,  n=6). 


Early  treatment  reverses  the  mouse  nerve  histology  phenotype 
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hEGFR  and  wild  type  mice  were  injected  with  IMC-C225  immediately  after  birth  and  twice  weekly 
for  2  or  6  weeks  .  Saphenous  nerve  sections  from  3  month  old  mice  were  tested  for  nerve  area,  nuclei 


counts,  mast  cell  number  and  collagen 
deposition. 

Fig.  12  Early  treatment  reverses  the 
mouse  phenotype.  Saphenous  nerve  of  3 
months  old  mice  treated  with  or  without 
IMC-C225  were  tested  for  nerve  area, 
nuclei  counts  and  mast  cell  number.  (A) 
Nerve  area,  there  was  no  significant 
difference  in  transgenic  mice  (black  bar) 
and  wild  type  mice  (white  bar)  in  nerve 
area  (p=0.36,  n=5  for  0-2  weeks  group, 
p=0.32,  n=6  for  0-6  weeks  group)  (B) 
Nuclei  counting:  no  significant 
difference  was  found  between 
transgenic  mice  (black  bar)  and  wide 
type  mice  (white  bar)  in  nuclei  counting 
(p=0.10,  n=5  for  0-2  weeks  group, 
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p=0.28,  n=6  for  0-6  weeks  group).  (C)  Mast  cell  number:  no  significant  difference  was  found  between 


transgenic  mice  (black  bar)  and  wide  type  mice  (white  bar)  in  mast  cell  counting  (p=0.36,  n=5  for  0-2 
weeks  group,  p=0.32,  n=6  for  0-6  week  group)  decreased  to  wild  type  level  (low).  (B)  Quantification  of 
BrdU  positive  percent  in  IMC-C225  or  PBS  treated  hEGFR  (black  bar)  or  wild  type  mice  (white  bar). 
There  was  significant  difference  in  %BrdU  positive  in  PBS  treatment  group  (p<0.001,  n=4).  No 
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significant  difference  was  found  in  IMC-C225  treatment  group.  (p=0.30,  n=4).  (C).  Quantification  of 
sciatic  nuclei  number  in  IMC-C225  or  PBS  treated  hEGFR  (black  bar)  or  wild  type  mice  (white  bar). 
There  was  significant  difference  in  nuclei  number  in  PBS  treatment  group  (p<0.001,  n=4).  Nuclei  number 
decreased  after  IMC-225  treatment  and  there  was  no  significant  difference  comparing  to  the  wild  type 
level  (p=0.34,  n=4). 

Early  exposure  to  IMC-225  reverses  defects  in  axon-glial  interactions 

Groups  of  small  unmyelinated  axons  cluster  within  single  non-myelin  forming  Schwann  cells,  while 
myelinated  Schwann  cells  show  1 : 1  interaction  with  large  axons.  These  intimate  interactions  between 
axons  and  Schwann  cells  can  be  monitored  by  transmission  electron  microscopy.  We  therefore  analyzed 
saphenous  nerves  of  mutant  mice  before  and  after  drug  treatment  using  this  method.  As  shown  in  Fig. 
13a,  3  month  old  hEGFR  mouse  nerves  contain  disrupted  small  axon  fiber  bundles.  NMSCs  display  long 
aberrant  process  which  wrap  one  or  two,  or  no,  small  axons.  After  being  treated  with  IMC-C225  for  2  or 
6  weeks  immediately  after  birth,  the  hEGFR  sapphenous  nerve  Schwann  cells  were  morphologically 
indistinguishable  by  electron  microscopy  from  their  wild-type  counterparts  at  3  months  of  age.  In 
contrast,  mice  treated  beginning  at  6  weeks  old  contained  nerves  ultrastructure  characteristic  of  untreated 
hEGFR  mice.  These  EM  results  provide  further  evidence  that  early  IMC-C225  treatment  prevents  the 
peripheral  nerve  dysfunction  driven  by  hEGFR  expression  in  Schwann  cells,  while  later  treatment  is 
ineffective. 
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Fig.  13.  Early  exposure  to  Cetuximab  restores  axon-glial  interactions. 
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(A-D).  Electron  micrographs  of 
saphenous  nerves  from  3 
month  old  animals.  (A). 

Wild  type  nerves  showed 
characteristic  groups  of 
small  unmyelinated  axons 
clustered  within  single  non¬ 
myelin  forming  Schwann 
cells.  (B).  Untreated 
CNPASE-HEGFR  nerves 
were  disrupted;  non¬ 
myelinating  Schwann  cells 
rarely  wrap  multiple  axons. 
(C-D).  CNPase-hEGFR 
nerves  treated  with 
Cetuximab  beginning  at  birth 
for  2  weeks  (C)  or  6  weeks 


WT  EGFR+  0x2  0x6  6x6  6x2 


(D)  showed  wild  type  levels 
of  nerve  organization;  non¬ 
myelinating  Schwann  cells  were  able  to  wrap  multiple  small  axons.  (For  A-D,  micrographs  shown  at 
9375X).  (E).  Quantification  of  percentage  of  grouped  axons  in  nerves  from  wild  type  (WT),  untreated 
CNPase-hEGFR  (EGFR+),  CNPase-hEGFR  mice  treated  from  birth  for  two  weeks  (0x2),  birth  to  six 
weeks  (0x6), six  to  eight  weeks  (6x2)  or  six  to  tweleve  weeks  (6x6)  of  age.  Small  axons  are  considered 
grouped  if  three  or  more  are  wrapped  by  a  single  non-myelinating  Schwann  cell.  Untreated  CNPase- 
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hEGFR  nerves  were  significantly  more  disrupted  than  wild  type.  CNPase-hEGFR  nerves  treated  with 
Cetuximab  beginning  at  birth  did  not  differ  significantly  from  wild  type. 

Nfl+/~  mouse  nerves  contain  a  population  of  EGFR+/p75+  cells 

The  results  indicate  that  an  EGFR-expressing  cell  present  around  birth  might  account  for  much  of 
the  abnormality  in  this  EGFR-expressing  model.  This  raised  the  possibility  that  an  EGFR+  cell  might  also 
exist  in  Nfl  model  system.  If  Nfl  predisposes  to  EGFR  expression  within  the  perinatal  period,  it  should 
be  possible  to  detect  EGFR+  cells  in  Nfl  mutant  peripheral  nerve.  To  test  this,  we  dissociated  cells  from 
P0-P1  mouse  sciatic  nerves,  and  stained  cells  with  antibodies  recognizing  EGFR  and  the  Schwann  cell 
marker  p75  in  3  experiments  using  2-4  individual  pups/genotype  per  group.  We  identified  EGFR/p75 
double  positive  cells  among  Nfl+I-  mouse  Schwann  cells  (Fig.  14B)  but  very  low  in  wild  type  cells  (Fig. 
14A).  Among  10,000  cells  counted  in  each  genotype,  only  2  were  EGFR+  and  p75+  positive  from  wild 
type  nerves,  these  did  not  show  punctuate  EGFR  staining  characteristic  of  cells  in  mutant  nerves. 
Quantification  revealed  >250-fold  increase  in  double  positive  cells  in  Nfl+I-  mouse  nerve  cell 
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preparations,  compared  to  cells  from  wild  type  mice  (Fig.  14C). 


WT  NF1  +/- 


Fig.  14.  Nfl+I-  mouse  nerves  contain  EGFR+/p75+  cells.  (A-B).  Schwann  cells  were  dissociated  from 
P0-P1  mouse  sciatic  nerves  and  stained  with  anti-EGFR  (green)  and  anti-p75  (red).  (A).  Representative 
wild  type  cell  is  p75+.  (B).  Nfl  +/-  cells  showing  double  staining  for  EGFR  and  p75.  Bar  =  lOum.  (C). 
Graph  shows  quantification  of  percentage  of  EGFR+/p75+ cells  in  wild  type  (WT)  and  Nfl  +/-  nerves.  The 
difference  between  Nfl  +/-and  wild  type  nerve  was  significant  (p=0.006;  Nfl+I-  n=9,  WT:  n=6). 
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EXPERIMENTAL  PRECEDURE 

Animals 

CNPase-hEGFR  transgenic  mice  were  genotyped  by  PCR  as  described  (Ling  et  al,  submitted).  Mice  were 
on  the  FVBN  strain  (N=  6).  Mice  were  housed  in  a  temperature-  and  humidity-controlled  viaticum  that 
was  kept  on  a  12-h  dark-light  cycle  with  free  access  to  food  and  water.  The  animal  care  and  use  committee 
of  the  University  of  Cincinnati  approved  all  animal  use. 

Drug  treatment  design 

Cetuximab  (MC-C225,  ImClone,  New  York,  NY),  which  blocks  human  but  not  rodent  EGFR  function, 
was  injected  intraperitoneally  (i.p.)  twice  weekly  at  a  dose  of  lmg/25g,  the  injection  dose  and  volume  was 
adjusted  according  to  the  mice  weight.  Control  group  was  injected  with  same  volume  of  PBS.  12-16  mice 
were  in  each  group.  Mice  were  treated  with  IMC-C225  for  0-2  weeks,  1-3  weeks,  2-4  weeks,  3-5  weeks, 
birth-6  weeks,  6-8  weeks  or  6-12  weeks  of  age.  Mice  were  sacrificed  at  2  weeks  old  or  at  3  months  of 
age.  The  dose  and  time  schedule  diagram  is  shown  in  Fig.l. 

Hot  plate  test  (nerve  sensory  test) 

Hot  plate  procedures  were  reviewed  and  approved  by  the  animal  care  and  use  committee  of  University  of 
Cincinnati  before  the  study  was  initiated  and  the  study  was  conducted  in  compliance  with  the  American 
Association  for  Accreditation  of  Laboratory  Animal  Care  and  the  ethical  guidelines  of  the  International 
Association  for  the  study  of  pain. 

The  hotplate  test  was  performed  in  a  quiet  environment  during  the  day  using  an  electronically  controlled 
hotplate  analgesia  meter  (Columbus  Instruments,  Columbus,  OH)  heated  to  50°C  (±0.1  °C).  Mice  were 
housed  in  a  separated  room  and  conditioned  for  one  week  before  the  test.  The  time  it  took  the  animals  to 
begin  licking  their  forelegs  or  hind  paws  was  recorded.  The  cut-off  time  was  set  at  30  s  to  minimize  tissue 
damage  (33,  34). 

Immunofluorescence 


35 


Ratner,  Nancy 
DAMD 17-02- 1-0679 


After  IMC-C225  treatments  for  2  weeks,  mice  were  fixed  by  intracardial  (i.c.)  perfusion  with  4% 
paraformaldehyde  in  PBS.  Sciatic  nerves  were  dissected,  cryoprotected  and  cut  in  10  p-  m  sections  for 
immunofluorescence  staining  as  described  before  (35).  Briefly,  section  slides  were  fixed  in  4%  (w/v) 
paraformaldehyde  at  room  temperature  (22-25  °C)  for  10  minutes.  After  blocking  with  PBS  containing 
10%  (w/v)  rabbit  serum  for  1  h  at  room  temperature,  individual  sections  were  washed  3  times  with  PBS 
and  incubated  with  p-EGFR  antibody  (Santa  Cruz  Biotechnology,  Inc.,  Santa  Cruz,  CA.  1:250)  overnight 
at  4°C  followed  by  incubation  with  Alex  488  rabbit  anti-goat  IgG  and  propidum  iodine  for  1  h  at  room 
temperature.  Slides  were  air  dried,  cover-slipped  and  viewed  with  a  laser  confocal  microscope  equipped 
with  a  digital  imaging  system. 

Cell  proliferation  (BrdU  incorporation) 

Mice  were  injected  (i.p.)  with  a  BrdU  solution  in  PBS  (50  mg  BrdU  per  kg  of  body  weight)  for  3  times  at 
2hrs  intervals  (total  6  hrs)  before  intracardial  perfusion.  Sciatic  nerves  were  dissected,  paraffm-embeded, 
cut  into  1 0-P'  in  sections  and  processed  for  BrdU  immunostaining.  Briefly,  sections  were  deparaffmed  in 
xylenes,  fixed  in  100%,  90%,  70%  ethanol  sequentially,  washed  3X  in  PBS,  treated  with  2M  HC1  for  30 
min  at  37  °C,  washed  again  3X  in  PBS,  and  blocked  in  PBS  containing  0.15%  triton  X-100  and  5% 
donkey  serum.  Sections  were  then  incubated  with  a  rat  anti-BrdU  antibody  (Zymed  Labortories  Inc,  South 
San  Francisco,  California,  1 :200)  overnight  at  4  °C.  The  detection  was  carried  out  using  TRITC- 
conjugated  secondary  antibody.  Nuclei  were  stained  with  DAPI  (Sigma  Chemical  Corp,  St  Louis,  MO) 
for  5  min.  The  BrdU-labeled  cells  and  the  number  of  DAPI  nuclei  were  counted  in  at  least  three  cross 
sections  made  through  each  sciatic  nerve.  Data  are  presented  as  the  average  numbers  of  BrdU-labeled 
cells  per  section. 

Electron  Microscopy 

Mice  were  perfused  (i.c.)  with  Kamovsky’s  fixation  solution  (3%  paraformaldehyde  +  3%  glutaraldehyde 
in  0. 1M  PB,  pH  7.4-7. 6).  Saphenous  nerves  were  dissected  and  immersed  in  the  same  fixative  solution 
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overnight  at  4°C,  and  then  in  0.1M  sodium  cacodylate  buffer  (pH  7.2)  for  2-3  hrs.  Nerves  were  washed  in 
PBS,  post  fixed  with  2%  osmium  tetroxide  and  0.6%  potassium  ferrocyanide  and  embedded  in  Embed 
plastic.  Semi-thin  sections  (1  n-m)  were  stained  with  toluidine  blue  and  examined  by  light  microscopy. 
Thin  section  photographs  were  obtained  using  a  JEOL  100CX  electron  microscope. 

Quantification  of  saphenous  nerve  area,  nuclei  counting  and  mast  cell  number 
Mice  were  perfused  (i.c.)  with  4%  paraformaldehyde  made  with  0.1M  PBS.  Sciatic  and  saphenous 
nerves  were  dissected  and  immersed  in  the  same  fixative  solution  overnight  at  4  °C  and  then  immersed  in 
70%  ethanol  and  paraffin  embedded.  Every  fifth  cross  sections  (6  ^  m)  were  cut  and  mounted.  DAPI, 
toluidine  blue  and  Gamori’s  trichrome  stainings  were  performed  for  nuclei  counting,  mast  cell  counting 
and  collagen  deposition  respectively.  MetaMorph  image  analysis  software  (Universal  imagine 
corporation,  Downingtown,  PA)  was  used  to  quantify  the  nerve  area  of  toluidine  blue  stained  sections. 
Three  cross  sections  made  through  each  nerve  were  analyzed.  Data  are  presented  as  the  average  numbers 
of  per  section. 

Real  time  PCR 

Messenger  RNA  was  extracted  from  wild-type,  EGFR+,  and  IMC-C225-treated  EGFR+  mouse  sciatic 
nerve  using  the  Micro-FastTrack™  kit  for  isolation  of  mRNA  from  small  samples  (Invitrogen,  Carlsbad, 
CA).  The  mRNA  was  reverse  transcribed  using  the  Superscript  Preamplification  System  (Gibco- 
Invitrogen,  CA).  Superscript  II  reverse  transcriptase  was  used  in  the  reaction,  as  per  manufacturer’s 
protocol.  Duplicate  samples  lacking  reverse  transcriptase  were  conducted  to  control  for  genomic  DNA 
contamination.  Mouse  GAPDH  primers  (sense,  5’-ACCCAGAAGACTGTGGATGG  and  antisense,  5’- 
GGAGACAACCTGGTCCTCAG.  Expected  product  size,  300  bp)  were  included  in  each  reaction  as  a 
positive  control  for  cDNA. 

For  quantitative  real-time  PCR  experiments,  cDNA  was  used  (as  generated  above),  as  were  the  following 
primers:  Brain  derived  neurotrophic  factor  (BDNF;  sense,  5’-TGGCTGCACTTTTGAGCAC  and 
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antisense,  5’-GCAGTCTTTTTATCTGCCGC.  Expected  product  size,  292  bp),  Monocyte 
Chemoattractant  Protein  1  (MCP-1;  sense,  5’-AGCACCAGCCAACTCTCACT  and  antisense,  5’- 
CGTTAACTGCATCTGGCTGA.  Expected  product  size,  136  bp),  Stem  Cell  Factor  (SCF;  sense,  5’- 
C AGT CTT C AGGAGT GAGCCC  and  antisense,  5’-  C AAAG AT GCT CCC AAACGCT .  Expected  product 
size,  254bp),  Transforming  Growth  Factor  pi  (TGF-pi;  sense,  5’-TGAGTGGCTGTCTTTTGACG  and 
antisense,  5’-  TCTCTGTGGAGCTGAAGCAA.  Expected  product  size,  293bp).  Triplicate  reactions  were 
performed  in  an  ABI  Prism  5700  Sequence  Detection  System  Cycler  according  to  the  manufacturer’s 
instructions.  Briefly,  1  pi  cDNA  or  water  control  was  placed  into  a  50- pi  reaction  volume  containing  25 
pi  SYBR  Green  Master  Mix  (2x  concentration,  Applied  Biosystems)  and  volumes  of  primers  that  ranged 
between  2  pi  and  9  pi,  depending  on  the  optimal  conditions  for  each  primer  set.  The  remaining  volume 
was  comprised  of  water.  The  thermal  cycling  conditions  comprised  an  initial  equilibration  step  at  60°C  (2 
min),  a  denaturation  step  at  95°C  (10  min),  followed  by  40  cycles  of  95°C  (15s),  60°C  (1  min).  Cycle 
threshold  (Ct)  values  were  obtained  from  the  point  during  amplification  at  which  the  fluorescent  intensity 
was  in  the  geometric  phase,  as  determined  by  PE  Biosystems  analysis  software.  All  PCR  products  were 
analyzed  on  a  2%  agarose  gel.  The  ACt  values  were  determined  for  wt,  EGFR+,  and  IMC-C225-treated 
EGFR+  nerve  and  relative  ligand  expression  was  calibrated  to  GAPDH  expression  (primers  as  above). 
Fold  change  of  cytokines  in  EGFR+  and  IMC-C225-treated  EGFR+  nerve  compared  to  wild  type  levels 
were  calculated  using  the  established  equation1 :  2'AA  Ct,  where  Ct  is  the  cycle  number  at  the  chosen 
amplification  threshold,  ACt  =  Cytokine)  -  Qgapdh),  and  AACt=  ACt(./-)  -  ACt(+/+). 


Analysis  of  EGFR+p75+  cells  from  perinatal  nerves 

We  dissected  sciatic  nerves  from  individual  mouse  P0  or  PI  pups  and  dissociated  nerves  in  L-15 
medium  containing  1.25U/mL  Dispase  n  (Roche,  Indianapolis,  IN),  156U/mL  Collagens  type  I 
(Worthington,  Lakewood,  NJ)  for  30  minutes.  We  collected  cells  by  centrifugation  and  plated  them  onto 
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poly-L-lysine  and  laminin  coated  8  well  lab-Tek  chamber  slides  in  DMEM  medium  containing  10%  FBS 
and  1%  Pen/Strip.  Medium  was  changed  the  next  day  to  remove  debris.  Cells  were  fixed  24h  later  with 
4%  paraformaldehyde,  then  double  stained  with  goat  anti-EGFR  (Santa  Cruz,  CA,  SC-03-G,  1 :20)  and 
rabbit  anti-p75  (Chemicon,  Temecula,  CA,  AB1554,  1:200)  antibodies,  followed  by  secondary  antibodies 
Donkey  anti-goat  Alexa-488  (for  EGFR,  Molecular  probes,  Eugene,  OR,  1;2000)  and  Mouse  anti-rabbit 
TRITC  (Molecular  probes,  OR,  1:200).  Nuclei  were  counter-stained  with  DAPI.  MPNST  cell  line  8814 
(EGFR  positive)  and  Goat  IgG  were  used  as  positive  and  negative  controls.  Three  independent 
experiments  were  performed  with  a  total  number  of  9  Nfl  +/-  and  6  wild-type  pups.  For  each  Lab-Tek 
well,  10  random  fields  were  chosen  for  cell  counting.  The  genotype  was  blind  during  counting.  We  used 
2-tailed  Student's  t-test  for  data  analysis. 

Data  analysis 

For  all  quantitative  analysis,  at  least  three  sections  from  each  nerve  were  analyzed.  Statistical  significance 
was  determined  by  Student's  t-test.  P  <  0.05  was  considered  significant. 

Task  lc,  In  Progress:  Evaluate  effects  of  an  anti-flbrotic  drug,  pirfenidone. 

Our  move  to  the  Children’s  Hospital  Research  Foundation  allowed  us  to  obtain  pirfenidone.  We  decided 
to  wait  to  obtain  a  more  robust  model  to  do  this  experiment.  To  this  end,  we  bred  the  CNPase-hEGFR 
mouse  to  obtain  homozygotes  for  analysis  and  treatment.  We  screened  80  EGFR  offspring  of  EGFR/+  x 
EGFR/+  mice,  by  breeding  to  wild  type  mice  to  confirm  homozygosity.  We  obtained  the  anticipated  20 
EGFR/EGFR  homozygotes.  As  shown  in  Figure  15,  nerves  of  mutant  mice  were  enlarged,  and  25% 
developed  tumors.  Electron  microscopic  evaluation  of  the  peripheral  nerves  of  the  mice  shows  more 
profound  disruption  of  axon-glial  interactions  than  heterozygotes,  which  is  being  quantified. 
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Figure  15.  Characterization  of  EGFR/EGFR  nerves  and  tumor.  Upper  left,  dissection  of  cauda  equina  of 
wild  type  (left)  and  hypertrophied  EGFR/EGFR  mice  (right).  Upper  right,  right  side  of  spinal  cord  shows 
putative  tumors  assicoated  with  DRG  in  an  EGFR/EGFR  mouse.  Lower  left,  histology  of  one  of  the 
masses.  Lower  right,  electron  micrograph  of  EGFR/EGFR  nerve  at  3  months  of  age. 
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We  aged  15  mice  to  15  months;  the  mice  carrying  two  EGFR  transgenic  alleles  show  reduced  survival 
as  compared  to  the  heterozygotes. 


Survival  of  CNPase-hEGFR/hEGFR  mice 


EGFR/EGFR 

EGFR/+ 


P=0.0197 

Significant 


Figure  16.  Kaplan  Meyer  analysis  of  EGFR/EGFR  homozygous  mice.  EGFR/EGFR  n=20. 
EGFR/+  n  =  12  mice.  All  mice  are  on  the  FVBN/C57B1\6  background. 


Pirfenidone  experiment 

16  EGFR/EGFR  mice,  5.5  months,  mice  were  randomly  divided  into  two  groups  with  ad  libitum  access  to 
water  with  (Group  I)  or  without  (Group  II)  0.5%  (w/w)  peifenidone.  The  water  was  changed  once  a 
week.  All  mice  were  sacrificed  at  7.5  months.  3  of  8  mouse  sciatic  nerves  from  each  group  were 
dissected  for  collagen  quantification.  The  other  5  mice  were  perfused  (intracardially)  with  4% 
paraformaldehyde  in  0.1  mol/L  PBS.  We  dissected  sciatic  and  saphenous  nerves  and  immersed  them  in 
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the  same  fixative  solution  overnight  at4°C  before  paraffin-embedding.  Every  fifth  cross-section  (6  pm) 
has  been  cut  and  mounted.  Three  cross  sections  through  each  nerve  will  be  analyzed.  DAPI,  toluidine 
blue,  and  Gomori’s  trichrome  stainings  will  be  performed  for  nuclei  counting,  mast  cell  counting,  and 
collagen  deposition,  respectively.  MetaMorph  image  analysis  software  (Universal  Imagine  Corp., 
Downingtown,  PA)  will  be  used  to  quantify  the  nerve  area  of  toluidine  blue-stained  saphenous  sections 
and  statistical  significance  determined  by  two-tailed  Student’s  /-test  or  ANOVA  as  appropriate. 

Task  2:  Study  signaling  defects  in  EGFR-expressing  mouse. 

Task  2a.  Mate  to  12V-H-Ras  over-expressing  mice  and  to  mice  hemizygous  for  Nfl  mutation. 

The  experiment  12V-Ras  experiment  does  not  make  sense  any  longer,  as  there  was  no  effect  of  mating 
to  the  Nfl  mice  as  shown  above,  in  Figures  2  and  5. 

Task  2b.  Define  abnormalities  in  nerves  of  mice  overexpressing  EGFR  and  hemizygous  for  Nfl  mutation. 

The  Nfl;EGFR  nerves  do  not  look  different  from  nerves  from  Nfl  mutants  only  (data  not  shown). 

Task  2c.  Biochemistry  of  signaling  on  nerves  from  mice,  by  analysis  of  Ras-GTP,  phospho-AKT  and 
phospho-ERK  (Year  3) 

Task  2e.  Evaluate  the  role  of  EGFR  in  MPNSTs  tumorigenesis. 

To  test  if  EGFR  plays  an  important  role  in  mouse  MPNST  tumorigenesis,  we  originally  planned  to 
evaluate  anti-EGFR  therapeutics  on  xenografts  of  MPNST  cell  lines,  with  Jeffrey  DeClue  at  NCI. 
However,  Dr.  DeClue  has  left  research.  We  accomplished  our  goal  of  testing  if  loss  of  EGFR  is  important 
in  an  Nfl -driven  model  system  of  sarcoma  in  another  way.  Last  year  we  crossed  the  Nfl+/~;  p53+/'  Cis 
mouse  (NPCis;  obtained  from  Dr.  Kristine  Vogel)  with  EGFR  wa'2/+  mice,  which  lack  90%  of  EGFR 
activity  from  one  allele  due  to  a  hypomorphic  mutation. 

Nfl+/ p53+/~  mice  carry  the  Nfl  and  p53  mutations  in  cis  on  mouse  chromosome  1 1  (Vogel  et  ah, 
1999).  Mice  had  been  backcrossed  six  generations  onto  the  C57B1\6  background  at  the  time  of  the 
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experiment.  The  tumor  spectrum  on  this  background  has  been  described  (Reilly  et  al.,  2000).  We 
obtained  C57BL/6J  wa'2/+mice  from  the  Jackson  Laboratory.  We  established  the  lines  of  mice  segregating 
Nfl+,~; p53+/- ;  Egfrwa2/+,  A//'/,a; p53+/~  ;  +/+,  Nfl+'-;  p53+/'  ;Egfrwa‘2 /+  and  Nfl+'-; p53+l~ ;+/+  by  crossing 
Nfl+/~ ;  p53+,~  with  Egfrwa2  /+carriers.  Mice  were  housed  in  a  temperature-  and  humidity-controlled 
viaticum  that  was  kept  on  a  12-h  dark-light  cycle  with  free  access  to  food  and  water.  The  animal  care  and 
use  committees  of  the  University  of  Cincinnati  and  the  Cincinnati  Children’s  Hospital  Research 
Foundation  approved  all  animal  use.  We  genotyped  Nfl  and  p53  alleles  as  reported  (Vogel  et  al.,  1999). 
We  genotyped  Egfrwa'2  by  PCR  amplifying  a  170-bp  region  (primers:  5'-CCCAGAAAGGGATATGCG-3' 
and  5'-GCAACCGTAGGGCATGAG-3')  and  digesting  with  FokI  to  produce  an  uncut  170-bp  or  cut  75- 
and  95-bp  fragments  diagnostic  for  wild-type  (wt)  Egfr  and  Egfrwa2  alleles,  respectively  (Luetteke  et  al., 
1994). 

We  have  now  finished  this  experiment.  At  26  weeks,  we  published  the  data.  The  Nfl+,~;  p53+/~  mice 
developed  tumors  at  as  early  as  15  weeks  and  8  (50%)  died  at  23  weeks,  while  only  1  of  17  (5.9  %)  Nfl+,~ ; 
p53+,~  ;EGFRwa‘  2/+  developed  spindle  cell  tumor  sarcoma  at  18  weeks  and  required  sacrifice.  As  for  the 
other  16  mice,  they  have  all  survived  beyond  26  weeks  and  none  have  developed  visible  tumors  at  the 
time  of  publication.  Thus  a  deficiency  of  EGFR  alters  Nfl+/~;  p53  ~  mouse  mortality.  We  found  that 
introduction  of  EGFR  mutation  decreases  tumor  formation  time  and  mortality  rate  significantly  (p<0.05) 
in  the  Nfl+/~;  p53+  "  model  system.  We  have  now  continued  to  follow  Nfl ;p53;wa-2  triple  heterozygotes 
until  42  weeks.  As  shown  in  Fig.  17,  decreased  EGFR  tyrosine  kinase  activity  delayed  but  did  not  stop 
tumor  formation. 
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Figure  17.  Survival  of  Nfl+I~;  p53+,~  mice  as  compared  to  Nfl+'~ ;  p53+l~  ;EGFRwa'2/+  mice. 
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KEY  RESEARCH  ACCOMPLISHMENTS 

•  An  ongoing  debate  in  neurofibromatosis  research  is  whether  NF1  mutant  Schwann 
cells  need  co-operation  from  mutant,  surrounding  cells  to  drive  neurofibroma 
formation.  Our  data  shows  that  EGFR  expression  in  Schwann  cells  drives  mast  cell 
accumulation  and  fibrosis  typical  of  human  neurofibromas,  without  a  mutant 
environment. 

•  In  contrast  to  EGFR-mutant  brain  tumor  models,  in  the  peripheral  nerve  a  wild  type 
EGFR  allele  drives  tumorigenesis. 

•  The  expression  of  wild  type  EGFR  results  in  ensheathing,  but  not  myelinating, 
Schwann  cells  losing  contact  with  axons.  This  suggests  that  the  specialized  non¬ 
myelin  forming  Schwann  cell  may  be  an  affected  cell  type  in  neurofibroma  formation. 

•  The  work  defines  a  novel  model  of  neurofibroma  formation  and  reveals  a  function  for 
EGFR  activity  independent  or  downstream  of  Nfl  mutation. 

•  When  mice  were  treated  with  Cetuximab  beginning  at  birth,  nerve  hypertrophy,  mast 
cell  accumulation,  collagen  deposition  and  axon-glial  interactions  were  normal  at  3 
months  age.  Hot  plate  sensory  tests  confirmed  histology  and  electron  microscopy  data. 
These  results  suggest  that  application  of  therapies  in  young  animals  have  the  potential 
to  block  tumorigenesis  by  halting  a  crucial  step  in  a  cascade  of  events  that  leads  to 
complex  changes  characteristic  of  neurofibroma  formation. 

•  Identification  of  an  EGFR  expressing  glial  cell  in  Nfl  +/-  mice  supports  the  hypothesis 
that  this  may  be  a  target  cell  for  expansion  into  neurofibromas. 

•  The  great  potential  of  EGFR-targeted  therapies  in  the  treatment  of  many  types  of 
cancer  is  prompting  the  continued  development  of  specific  agents  targeted  to  the 
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extracellular  ligand-binding  domain,  the  intracellular  tyrosine  kinase  domain,  the 
ligand,  or  to  synthesis  of  the  EGFR. 

•  hEGFR  mice  have  loss  of  thermal  pain  responsiveness.  Diminished  sensory  function  is 
consistent  with  the  impaired  axon-glial  interactions  in  the  model.  Hotplate  testing  is  a 
rapid  and  useful  way  to  monitor  therapeutic  efficacy  in  the  hEGFR  transgenic  mouse 
model  system,  and  possibly  other  model  systems  of  neurofibroma  formation. 

•  The  work  suggests  new  and  exciting  directions  in  neurofibroma  prevention  and 
therapy.  Our  move  to  the  Cincinnati  Children’s  Hospital  Research  Foundation  has 
allowed  follow-up  of  results  through  collaboration  with  clinicians  including  John 
Perentesis,  Brian  Weiss  and  Elizabeth  Schorry,  with  whom  submitted  an  NF  Center 
Grant  proposal  in  Feb.,  2006,  which  was  favorably  reviewed  (although  not  funded), 
and  which  is  being  revised  for  a  resubmission  date  of  Feb.,  2007. 
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REPORTABLE  OUTCOMES: 


Development  of  CNP-hEGFR  transgenic  mouse  model.  The  mice  were  provided  to  Vittorio  Gallo  for 

analysis  of  CNS  progenitors  and  to  David  Largaespada  for  identification  of  possible  progression  genes  for 

neurofibroma  and  MPNST. 

Development  of  Nfl+,~;  p53+,~ ;  EGFRwa'2/+  mouse  model  system. 

Development  of  EGFR/EGFR  mice. 
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CONCLUSIONS 

This  study  demonstrates  the  dramatic  effect  of  expressing  EGFR  in  mouse  Schwann  cells.  Peripheral 
and  cranial  nerves  in  CNP-hEGFR  mice  exhibit  diffuse  changes  that  parallel  the  hallmarks  of  human 
cutaneous  and  plexiform  neurofibromas.  These  include  increased  endoneurial  collagen  matrix, 
dissociation  of  Schwann  cells  from  axons,  Schwann  cell  hypercellularity,  and  mast  cell  accumulation. 
Changes  were  within  the  perineurium,  as  is  common  in  plexiform  neurofibromas.  While  previous  studies 
showed  that  EGFR  is  expressed  in  MPNST  cells  and  some  neurofibroma  Schwann  cells  (DeClue  et  al., 
2000;  Li  et  al.,  2002),  EGFR  expression  might  have  correlated  with  tumor  formation  rather  than  be  a 
causative  event.  Strikingly,  our  data  are  consistent  with  a  causative,  and  early,  role  for  EGFR  in 
progression  to  neurofibroma  formation.  EGFR  overexpression  is  characteristic  of  and  contributes  to 
formation  of  many  human  cancers.  Therapeutic  reagents  that  target  EGFR  are  in  clinical  trials  (Yarden, 
2001;  Ranson  et  al.,  2002)  and,  based  on  our  data,  could  be  considered  as  candidate  therapeutics  for  NFL 

This  study  shows  that  EGFR  expression  in  Schwann  cells  results  in  nerve  hyperplasia  with  occasional 
neurofibroma  formation.  To  develop  neurofibromas  at  a  higher  rate,  or  malignancies,  it  may  be  necessary 
to  cross  these  mice  to  strains  with  other  mutations.  Cre/lox  mediated  ablation  of  Nfl  in  Schwann  cells 
resulted  in  nerve  pathology  similar  to  that  observed  here,  but  only  when  the  mice  also  hemizygous  for  Nfl 
mutation  (Zhu  et  al.,  2002).  Our  model  does  not  require  mast  cells  and/or  fibroblasts  to  be  Nfl+I~,  as 
crossing  hEGFR  to  Nfl '  "  mice  did  not  increase  nerve  size  or  mast  cell  number.  The  similar  phenotype  of 
hEGFR  nerves  to  nerves  in  mice,  and  humans,  with  loss  of  function  mutation  at  Nfl  (Cichowski  et  al., 
1999;  Zhu  et  al.,  2002)  suggests  that  when  loss  of  Nfl  predisposes  Schwann  cells,  or  their  progenitors,  to 
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upregulate  EGFR,  neurofibroma  formation  ensues.  This  new  model  will  allow  testing  of  EGFR 
antagonists  in  vivo  for  their  ability  to  prevent  the  formation  of  specific  phenotypes. 

This  study  demonstrates  the  dramatic  therapeutic  effect  of  EGFR  antagonist  in  mouse  Schwann  cells. 
Patients  with  NF1  have  an  increased  risk  of  developing  tumors  of  the  central  and  peripheral  nervous 
system.  Among  these  tumors,  plexiform  neurofibromas  are  a  major  source  of  morbidity  and  possible 
mortality,  with  no  standard  treatment  options  other  than  surgery  available  (4,  6-8).  Blockade  of  the  EGFR 
receptor  by  its  antibody  has  proven  to  be  a  useful  strategy  for  the  treatment  of  cancers  including  lung, 
breast,  ovarian,  head  and  neck  cancer  both  in  vitro  and  in  vivo.  Furthermore,  some  phase  II  and  III  clinical 
studies  have  also  suggested  that  the  use  of  mAb  alone  or  in  combination  with  standard  anticancer 
therapies,  are  well  tolerated  and  can  induce  clinical  responses  and  tumor  stabilization  in  a  variety  of 
carcinomas  (24,  29,  36,  37)  Here  we  described  the  novel  targeted  therapeutic  effect  on  reversing  early 
neurofibroma  like  peripheral  nerve  dysfunction  driven  by  human  EGFR  expression  in  Schwann  cells  by 
using  specific  human  mAb  IMC-C225. 

So  what:  This  study  further  validates  EGFR  as  a  potential  early  target  for  therapeutic  intervention  in  NF1 
patients,  and  provides  a  new  model  in  which  to  study  early  neurofibroma  formation.  The  great  potential 
of  EGFR- targeted  therapies  in  the  treatment  of  many  types  of  cancer  is  prompting  the  continued 
development  of  specific  agents  targeted  to  the  extracellular  ligand-binding  domain,  the  intracellular 
tyrosine  kinase  domain,  the  ligand,  or  to  synthesis  of  the  EGFR.  A  SWOG  trial  of  an  EGFR  tyrosine 
kinase  inhibitor  is  already  ongoing  for  MPNST  (S0330  study  is  on  OSI-774;  Albritton  et  al.,  2006).  Our 
data  suggest  utility  in  neurofibroma  as  well  as  MPNST.  Combination  trials  with  new  therapeutic  drugs, 
such  as  the  anti-fibrotic  agent  pirfenidone,  and  famesyltransferase  inhibitor  R1 15777,  which  are  now  still 
in  phase  I  or  II  clinical  trial  for  neurofibroma  might  be  considered.  Thus  our  data  suggest  new  and 
exciting  directions  in  neurofibroma  prevention  and  therapy. 
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